The adenosine receptor system, which mediates the psychoactive effects of caffeine, is also thought to be involved in the regulation of anxiety. In this study, we examined the association between variations in anxiogenic responses to caffeine and polymorphisms in the A 1 and A 2a adenosine receptor genes. Healthy, infrequent caffeine users (N ¼ 94) recorded their subjective mood states following a 150 mg oral dose of caffeine freebase or placebo in a double-blind study. We found a significant association between self-reported anxiety after caffeine administration and two linked polymorphisms on the A 2a receptor gene, the 1976C4T and 2592C4Tins polymorphisms. Individuals with the 1976T/T and the 2592Tins/Tins genotypes reported greater increases in anxiety after caffeine administration than the other genotypic groups. The study shows that an adenosine receptor gene polymorphism that has been associated with Panic Disorder is also associated with anxiogenic responses to an acute dose of caffeine.
INTRODUCTION
Caffeine is the most widely used psychoactive drug in the world: 82-92% of the adults in North America report regular consumption of caffeine-containing beverages (Graham, 1978; Gilbert, 1976) . The popularity of caffeine is thought to be related to its subjective effects, which include increased alertness and stimulation (eg Griffiths and Mumford, 1996; Lieberman et al, 1987) . However, large interindividual variations in acute responses to caffeine have been reported, especially in anxiety-inducing effects of the drug. Controlled studies have confirmed that while caffeine produces positive effects such as increased stimulation in many, others experience negative effects such as increased anxiety (Chait, 1992; Evans and Griffiths, 1991) .
While the reason for the inter-individual variability in responses to caffeine is not clear (eg Lieberman et al, 1987; Svensson et al, 1980; Loke, 1988; Liguori et al, 1999) , there is evidence that some of the variability in acute responses to caffeine may have a genetic basis. A recent study comparing habitual caffeine use in monozygotic vs dizygotic female twin pairs reported a high heritability ratio in caffeine use, toxicity, tolerance, and dependence (Kendler and Prescott, 1999) . One source of this inherited variability in responses to caffeine may be variation in genes coding for receptors where caffeine acts, in particular, the adenosine receptor. Caffeine is thought to produce its central effects through its action as an adenosine receptor antagonist (Snyder and Sklar, 1984) . It binds with high affinity at both the A 1 and A 2a adenosine receptors, the two subtypes thought to be responsible for many of caffeine's behavioral effects (Svenningsson et al, 1997) . Both of these adenosine receptor subtypes are expressed in the human brain, with A 1 receptors being widely distributed throughout the brain and A 2a receptors concentrated mainly in the dopaminerich basal ganglia areas of the brain (Fredholm et al, 2000) .
Polymorphisms in the A 1 and A 2a adenosine receptor genes may account for variations in subjective responses to caffeine. Two noncoding adenosine receptor gene polymorphisms have been reported in the coding regions of the A 1 receptor gene (Deckert et al, 1998a) and the A 2a receptor gene (Deckert et al, 1996) . Polymorphisms are commonly referred to by the nucleotide base site at which they occur on the gene (eg 1976) followed by the nucleotide base substitution comprising the polymorphism (eg C4T indicates that a T is substituted for a C; den Dunnen and Antonorakis, 2000) . The adenosine A 2a receptor gene polymorphism 1976T4C, formerly 1083T4C, but not the adenosine A 1 receptor gene polymorphism 716T4G, was found to be associated with Panic Disorder (PD) (Deckert et al, 1998b) . PD is characterized by recurrent and unexpected attacks of anxiety or fear (APA, 2000) . The T allele of the noncoding adenosine A 2a receptor gene polymorphism was more prevalent in a population of PD patients compared to a control population, indicating that genetic variation in the A 2a receptor gene may be related to susceptibility to anxiety. As this noncoding polymorphism may not be functionally or clinically significant, a systematic mutation screening for further, potentially functional and clinical relevant polymorphisms in 5 0 -and 3 0 -regulatory cDNA regions of the A 2a adenosine receptor gene had been performed in patients with PD, which resulted in two additional adenosine A 2a receptor gene polymorphisms (Deckert et al, 2001) . Both the A 2a and the A 1 receptor have been linked to anxiety in animal studies, showing that knockout mice lacking the A 2a or the A 1 receptor score higher on behavioral measures of anxiety (Ledent et al, 1997 , Johansson et al, 2001 . Thus, we reasoned that polymorphisms in the A 2a adenosine receptor gene, and also possibly the A 1 receptor gene, might be responsible for the inter-subject variability in anxiogenic responses to caffeine.
This study was designed to assess responses to an acute dose of caffeine in relation to polymorphisms in the A 1 and A 2a receptor genes in infrequent caffeine users. Infrequent caffeine users (ie individuals who consume less than 300 mg of caffeine per week) were chosen to minimize the confounding effects of tolerance and withdrawal. The volunteers participated in two sessions, in which they ingested capsules containing placebo or 150 mg of caffeine (equivalent to the caffeine in about two cups of coffee). It was hypothesized that variations in anxiogenic responses to caffeine would be related to polymorphisms in the A 1 and A 2a adenosine receptor genes.
MATERIALS AND METHODS

Volunteers
A total of 100 healthy, infrequent caffeine users, 54 men and 46 women, completed the behavioral portion of the study. Only individuals who reported a weekly caffeine consumption of less than 300 mg, including the intake of coffee, tea, caffeinated sodas, and other dietary sources of caffeine, were accepted. Caffeine consumption was based on estimates of 50 mg per 12 oz serving of caffeinated soft drinks, 60 mg per 8 oz serving of tea, 100 mg per 8 oz serving of coffee, and 10 mg per bar of chocolate (Durrant, 2002) .
Eligibility was determined via a telephone interview and a brief in-person psychiatric interview. The psychiatric interview consisted of questions relating to current anxiety, depression, and psychosis, and it was conducted by an individual knowledgeable in DSM-IV diagnosis (APA, 2000) . Subjects were excluded if they had any history of substance abuse or dependence, if they reported high levels of anxiety or depression, any history of psychosis, or use of more than 300 mg of caffeine per week. Cigarette smokers were not accepted because smoking has been shown to reduce the half-life of caffeine (Hart et al, 1976) . Subjects were also excluded if they had high blood pressure or used any medication on a daily basis.
Drugs
Subjects participated in two sessions, separated by at least 2 days, in which they received either placebo or caffeine (150 mg freebase). Caffeine and placebo were administered in random order and under double-blind conditions. Caffeine was administered in the form of caffeine citrate because it is more bioavailable than anhydrous caffeine. The caffeine citrate (300 mg) is equivalent to about 150 mg caffeine freebase, and this dose has been shown to produce subjective, physiological, and behavioral effects (Lader, 1969; Gupta, 1993; Gupta et al, 1994; White et al, 1980) . The caffeine capsules were white and contained caffeine citrate (Mallinckrodt Baker, Inc., Paris, KY) with dextrose filler. Placebo capsules contained dextrose alone. For blinding purposes, subjects were informed that they would receive a commonly used drug that could be a stimulant, sedative, or placebo.
Sessions
Before the study began, volunteers attended a short orientation session in which they read and signed the consent form. The study was approved by the University of Chicago's Institutional Review Board. Subjects were instructed to abstain from taking any recreational drugs, including alcohol, nicotine, and caffeine, for 24 h before the sessions. They were also instructed to abstain from eating after midnight the night before the sessions.
Sessions were conducted from 08.30 to 12.00 h noon with a minimum of 2 days between the sessions. Sessions for women were scheduled without regard to menstrual cycle phase as it has been shown that the pharmacokinetics of caffeine are not significantly altered during the menstrual cycle (Kamimori et al, 1999) . Upon arrival in the laboratory, subjects provided breath and urine samples to confirm their compliance with abstinence instructions. They were given a light meal (bagel with cream cheese) to reduce stomach irritation from the caffeine capsule. Then they completed baseline (precapsule) mood questionnaires and measures. At 09.10 h, 30 min after consuming the bagel, they ingested a capsule with 150 ml of orange juice. Physiological, subjective, and behavioral measures were obtained 20, 40, 60, and 120 min after capsule administration. Physiological measurements included heart rate, blood pressure, and temperature. Subjective measurements included ratings of drug effects and mood (see below). Behavioral measurements consisted of two measures of psychomotor performance (see below). Subjective and behavioral tasks were administered via computer. Volunteers were allowed to watch emotionally neutral movies and read during the sessions when measurements were not being taken. On a separate visit, subjects provided a blood sample for genotyping and completed personality questionnaires.
Behavioral Measurements
To assess the volunteers' baseline mood states and the effect of caffeine on mood, they completed several standardized questionnaires. The primary mood measures assessed the state of anxiety as measured by Anxiety scale on the shortened version of the Profile of Mood States (POMS) (Shacham, 1983) , which is highly correlated with the longer 72-item version (McNair et al, 1971) , and ratings of Anxiety on a visual-analog scale (VAS). Secondary mood measures included POMS scales assessing anger, confusion, depression, elation, fatigue, and vigor and VAS items indicating if subjects felt stimulated, interested, content, confused, drowsy, hungry, elated, sedated, and nauseous. In addition, subjects completed the Addiction Research Center Inventory (ARCI) (Martin et al, 1971 ) and a locally developed visual analog questionnaire (Drug Effects Questionnaire, or DEQ) that assesses the extent to which subjects experience four subjective states: 'Feel Drug,' 'Feel High,' 'Like Drug,' and 'Want More.' Finally, at the end of both sessions subjects were asked to identify the class of drug they had received from a list of possible classes (stimulant, sedative, or placebo).
Behavioral and physiological measures provided objective indicators of the drug's effects. The behavioral measures included the Digit Symbol Substitution Task (DSST) (Wechsler, 1958 ) and a digit tapping speed task. The DSST is a measure of psychomotor performance on which subjects match symbols with numbers for 90 s. The digit tapping task is a motor task which measures the time required for the volunteer to tap on a computer key 150 times with their index finger. Both measures have been found to be sensitive to acute caffeine administration in subjects (Kaplan et al, 1997) . Physiological measures included heart rate, blood pressure, and body temperature. Blood pressure and heart rate were measured using a Digitronic monitor (New Brunswick, NJ) and temperature was measured using an IVAC thermometer (San Diego, CA).
Subjects also completed two personality questionnaires to investigate correlations between responses to caffeine, genotype, and the personality trait of impulsivity. These included the Barratt Impulsiveness Scale-11 (BIS-11) (Patton et al, 1995) and the Eysenck I7 (Eysenck, 1993) , which includes measures of impulsivity, venturesomeness, and empathy.
Genotyping
EDTA anticoagulated venous blood samples and DNA was extracted using the Genepure kit. All presently confirmed adenosine A 1 and A 2a receptor gene cDNA polymorphisms were investigated. The adenosine A 1 receptor gene 716T4G polymorphism and the adenosine A 2a 1976T4C (previously 1083T4C) polymorphism were genotyped by means of PCR-based restriction fragment length polymorphism (RFLP)-assays as previously described (Deckert et al, 1998a, b) . The 263C4T polymorphism was genotyped by means of PCR-based RFLP-assay using 5U Bse NI (MBI Fermentas) as a restriction enzyme . The 2592C4Tins polymorphism was genotyped both by a PCR-based RFLPassay using Mbo II (MBI Fermentas) as restriction enzyme and by a PCR-based SSCP-analysis using 5 0 -GGG CCC AGA GGT GAC ATT-3 0 (forward) and 5 0 -CCT GGG ACT GAG AAG TGG AT-3 0 (reverse) as primer pair at an annealing temperature of 581C. Conditions of the RFLP-assays and fragment lengths are summarized in Table 1 . Each PCRassay contained 1.5 mM MgCl2, 200 mM dNTP-mix (Eppendorf), 10 pmol primer, 1 U Hot Star Taq plus buffer (Quiagen), and 80 ng genomic DNA in a total volume of 25 ml. For the PCR-assay prior to Mbo II digestion Qsolution was added. In all, 35 cycles were performed with cycle lengths varying between 30 and 60 min preceded by 5 0 denaturation at 941C and followed by 5 0 elongation at 721C. Digestion was performed overnight for 20 h according to the manufacturer's directions and digestion products were separated on 15%-polyacrylamide gels (acrylamide:bisacrylamide ¼ 49:1) in 1 Â TBE buffer at 200 V for 3 h (Multigel-Long, Biometra), SSCP-analysis was performed on 10%-polyacrylamide gels (acrylamide:bisacrylamide ¼ 49:1) in 0.5 Â TBE at 70 V and 41C overnight for 20 h. Bands were visualized by silver staining. Genotyping was performed blind, that is, the analyzers were unaware of the clinical, physiological, and behavioral characteristics of the subjects.
In Silico Sequence Analysis
In order to examine whether the polymorphisms may be functionally relevant, ortholog mRNA sequences from the mouse (U05672), rat (M91214), guinea pig (U04201), and dog (X14052) were investigated for conserved features using the multiple alignment construction and analysis workbench (MACAW) V.2.0.5 (Schuler et al, 1991) by pairwise 0 -UTR. Curvature propensity and GC-content plots of the A 2a terminal exon were obtained from the bend.it server (http:// www2.icgeb.trieste.it/Bdna/bend_it.html). Curvature propensity was calculated using the Dnase I-based bendability parameters of Brukner et al (1991) and the consensus bendability scale (Gabrielian and Pongor, 1996) .
Statistical Analysis
To determine the overall effects of caffeine, data from caffeine and placebo sessions were examined using separate two-way repeated measures ANOVA (drug (two levels) Â time (five levels)) for each dependent measure. To determine whether genetic variations in the A 1 and A 2a receptor were related to subjective or behavioral measurements, individuals were assigned to one of three genotypic groups (eg TT, CT, or CC) at each of the four loci (716T4G, 263C4T, 1976T4C, and 2592C4Tins). The direction and magnitude of response to caffeine was calculated for each subject using peak change scores on the caffeine and placebo sessions. Peak change scores were calculated by subtracting the precapsule baseline score from either the maximum or minimum response reached within 1 h after capsule administration. Only peak scores reached within the first hour were used because studies have shown peak subjective effects of caffeine to occur within 20-40 min after oral administration (Mumford et al, 1994) . Separate twoway ANOVAs ((drug (two levels) Â group (three levels)) were used to analyze each dependent measure. The HardyWeinberg equilibrium was examined using an online resource provided by Professor Christensen (http:// www.kursus.kvl.dk/shares/vetgen/_Popgen/genetik/applets/ kitest.htm). Linkage disequilibrium analysis was performed at the allelic level using the Genetix program, version 4.02 (Belkhir et al, 2001) . The significance level for all statistical tests was set at Po0.05.
RESULTS
Demographic Data
Genetic data could not be analyzed for six subjects because of problems in obtaining the blood sample or extracting the DNA. Therefore data are reported for 94 volunteers (51 male and 43 female subjects). Most subjects were Caucasian college students in their early 20s. They reported consuming an average of one to two caffeine-containing beverages per week and an average of one to two alcoholic beverages per week. When total weekly caffeine consumption (including sodas and chocolate) was converted to cups of coffee per week, 26 participants reported no caffeine use, 43 reported less than one cup per week, 18 reported consuming between one and two cups of coffee, and seven reported consuming the equivalent of two to three cups of coffee per week. There was no relationship between demographic variables such as gender, age, or race and subjective responses to caffeine (data not shown).
Overall Caffeine Effects
When the data from all 94 volunteers were examined together, caffeine produced its prototypic effects. On the subjective measurements, caffeine significantly (Po0.05) increased scores on Stimulation (VAS), Anxiety (VAS and POMS), and the ARCI BG and A (Stimulant-like) scales, and decreased scores on Depression (POMS) and Fatigue (POMS). On the behavioral tasks, caffeine significantly increased the number of symbols completed on the DSST but had no effect on the digit tapping task. Caffeine significantly increased the heart rate, systolic and diastolic blood pressure, but had no effect on body temperature. The effects of caffeine analyzed using the peak change scores (used for association analyses) were similar to the effects obtained in the analysis by time (data not shown). Approximately half of the subjects correctly identified caffeine as a stimulant (41 were correct and 53 were incorrect), a level that was not significantly greater than chance.
Adenosine A 1 And A 2a Receptor Gene Polymorphisms
The frequencies of the alleles and genotypes for each of the four polymorphisms examined in the study sample are shown in Table 2 . The 1976T4C on the A 2a receptor gene and the 716T4G on the A 1 receptor gene are the only polymorphisms which have previously been reported and their representation in our study sample is similar to previous studies (Deckert et al, 1998b; Yamada et al, 2001 ). All polymorphisms were in Hardy-Weinberg equilibrium. The 1976T4C and 2592C4Tins polymorphisms were in nearly complete linkage disequilibrium (Po0.0001, w 2 ¼ 106.35, df ¼ 1). Therefore, these two linked polymorphisms formed only three genotypic groups: the 1976C/C and Due to low DNA yields for several subjects, the A1 receptor gene was only typed for 91 subjects. The distributions from this study are comparable to previous studies. In a German sample (N ¼ 281), genotype frequencies were CC ¼ 107, CT ¼ 135 and TT ¼ 37 with allele frequencies of C ¼ 349 and T ¼ 209 (Deckert et al, 1998b) . A Japanese study (N ¼ 99) reported CC ¼ 26, CT ¼ 54, and TT ¼ 19, with C ¼ 106 and T ¼ 92 (Yamada et al, 2001 ).
2592C/C group, the 1976C/T and 2592C/Tins group, and the 1976T/T and 2592Tins/Tins group.
A 2a 1976T4C and 2592C4Tins Polymorphism
Responses to caffeine were compared in the three groups based on their genotype at the 1976T4C and 2592C/Tins polymorphisms. Both these polymorphisms were significantly related to increases in anxiety after caffeine. Individuals with the 1976T/T and 2592Tins/Tins genotypes reported a greater increase in anxiety after caffeine than did individuals from either of the other two groups on both the POMS anxiety measure (Figure 1 ; Po0.05) and the VAS anxiety scale (Figure 2 ; Po0.05). Figure 3 shows the time course of the anxiogenic effect in the three genotyped groups. The association between genotype and increased anxiety after caffeine was apparent in both men and women. The groups did not differ on measures of anxiety either at baseline (before capsule administration) or after placebo. The groups did not differ in their responses to caffeine on other measures of mood, behavior, or in the identification of the class of drug they had received. Figure 4 shows the peak change scores for the genotypic groups on a representative measure (for Vigor (POMS) that did not differ across the groups (Po0.7)). The time to peak increases in subjective ratings of Anxiety and Vigor did not differ across the genotypic groups. The groups also did not differ on any demographic measures such as sex, race, age, or drug use (Table 3) . Interestingly, however, the groups did differ on a personality measure of 'venturesomeness', a form of extraversion (Eysenck, 1993) . The subjects in the 1976T/T and 2592Tins/Tins groups scored lower on this trait measure than subjects from the other two genotypic groups (Po0.05).
Other Polymorphisms
The volunteers were also divided into three groups based on their genotype at the A 2a 263C4T and the A 1 716T4G loci and their responses to caffeine were compared. There were no significant differences between these groups on any measure (data not shown).
Functional Elements in the 3 0 -Utr Adenosine A 2a Receptor Gene Sequence
It is not known whether the 2592C4Tins polymorphism is functionally relevant. However, as a first step to investigating this important question, mRNA sequences were compared from several species, including the mouse, rat, guinea pig, and dog. Comparative sequence analysis revealed a strikingly similar architecture of conserved cisacting elements across species that coincided with regions of proposed curvature ( Figure 5 ). Curvature propensity plots of the entire exon (data not shown) peaked at the termination codon, at the polymorphic (UUUUUU)-motif, and at the terminal 88 bp of the mRNA sequence. Interestingly, the U-rich motif displays some variability in ortholog DNA, reflecting a mononucleotide run prone to slippage during replication. In addition to the nucleotide identities and an elevated curvature propensity at the (UUUUUU)-motif, two equally conserved, flanking class I A+U-rich elements (AREs) suggest a region of functional importance. With regard to the terminal 88-bp stretch, the pattern-sensitive search disclosed a highly conserved, terminal transcription enhancer, internal ribosome entry Baseline scores did not differ among the groups. The 1976T/T group reported higher levels of anxiety after caffeine than either of the other two groups.
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DISCUSSION
The primary finding of this study was that acute anxiogenic responses to caffeine were associated with two linked polymorphisms in the A 2a adenosine receptor gene. Healthy volunteers received an oral dose of caffeine (150 mg), and were genotyped at three loci on the A 2a adenosine receptor gene and one on the A 1 receptor gene. Based on previous reports indicating variability in anxiogenic responses to caffeine (Chait, 1992; Evans and Griffiths, 1991) and studies indicating that the adenosine receptor regulates anxiety, we hypothesized that polymorphisms in the A 1 and A 2a adenosine receptor gene may account for inter-individual variations in anxiety after administration of caffeine. Consistent with the hypothesis, we found that individuals with the linked 1976T/T and the 2592 Tins/Tins variants in the A 2a adenosine receptor gene reported greater increases in anxiety after caffeine intake than did individuals in either of the other two genotypic groups. The three genotypic groups did not differ on other subjective measures of caffeine effects, including self-report measures of feeling stimulated or global ratings of drug effects. They also did not differ in physiological responses to caffeine (eg heart rate) or in the behavioral effects as measured by the psychomotor tasks. Thus, the genotypes were specifically related to the subjective experience of anxiety after caffeine, and not to other, more global measures of caffeine's effects. The genotypes were not associated with variability in baseline ratings of anxiety, or ratings of anxiety after placebo, suggesting that the observed relations were related to the pharmacological effects of caffeine. We did not find any evidence for an association between A 1 adenosine receptor gene polymorphisms and caffeine-induced anxiety. However, we cannot rule out the possibility that an association would be detected with a larger sample of subjects.
The main finding from this study, that genetic variation in the adenosine A 2a receptor gene resulted in differences in caffeine-induced anxiety levels, can be related to previous genetic and pharmacological research. The 1976T4C A 2a receptor gene polymorphism, which we found to be related to caffeine-induced anxiety, has also been found to be associated with PD (Deckert et al, 1998b) , a condition characterized by recurrent and unexpected attacks of anxiety or fear (APA, 2000) . Caffeine is known to produce anxiety in some individuals (Chait, 1992; Scott et al, 2002) , and the anxiogenic effects of caffeine have been found to be greater in PD patients (Lee et al, 1988; Charney et al, 1985) . Perhaps because of this, PD patients consume less caffeine (Boulenger et al, 1984) . Further, caffeine administration more readily induces panic attacks in individuals with PD than in unaffected individuals (Charney et al, 1985; Uhde et al, 1984) . Thus, if individuals with the 1976T/T genotype are more susceptible to PD and PD patients report higher anxiety after caffeine, it is plausible that 1976T/T individuals would report higher anxiety after caffeine.
An association finding with a DNA variant or polymorphism, however, can only be considered clinically relevant if the associated variant or polymorphism causes either a difference in function or expression level of the protein encoded for by the gene.
While at present there is no evidence for a functional relevance of the synonymous 1976T4C polymorphism in the coding region, in silico sequence analysis provided evidence that the 2592C4Tins polymorphism in the 3 0 -UTR region of the gene may be functionally relevant. U-rich motifs which are conserved across species and provide active sites for complex and dynamic interactions with RNA-binding proteins have been identified in the 3 0 -UTR of Current drug use Caffeine, mean 7 SD (drinks/week) several mammalian genes (eg Song and Singh, 2001) . In humans, U-rich motifs have been shown to mediate translational repression of oncogenes (eg Fu et al, 1999) . The 2592C4Tins polymorphism may therefore be associated with variation in A 2a receptor expression. Although the in silico sequence analysis is suggestive, experimental evidence, for example, from bandshift-assays is still needed to prove a functional relevance of the 2592C4Tins polymorphism with confidence. If the 2592Tins/Tins polymorphism changes A 2a receptor expression, this may explain why individuals with the 2592Tins/Tins genotype are more sensitive to caffeine. Studies have shown that only high doses of caffeine increase anxiety and that there are differences between individuals in what constitutes a high, anxiogenic dose of caffeine (Evans and Griffiths, 1991; Griffiths and Woodson, 1988) . Individuals with the 2592Tins/Tins genotype may report the greatest increases in anxiety because they require a lower dose to feel caffeine's anxiogenic effects. An alternate explanation may be that both polymorphisms are linked to still another, at present unknown, but functional polymorphism in the A 2a receptor gene.
Interestingly, we also found that the 1976T/T and the 2592Tins/Tins group differed from the other two genetic groups on the venturesomeness scale of the Eysenck Personality Inventory (Eysenck, 1993) . The 1976T/T and 2592Tins/Tins group had significantly lower venturesomeness scores, suggesting that they are lower in sensation seeking and sociability than the other genotypic groups. It can be hypothesized that these individuals are less 'venturesome' because of their disposition to anxiety. However, we found no correlation between the personality measure of venturesomeness scores and the peak increase in anxiety ratings after caffeine, indicating that the lower scores on the personality measure of venturesomeness did not account for the increased anxiety in the 1976T/T and 2592Tins/Tins groups. Therefore, it appears that the relationship between the personality trait and the acute pharmacological response to caffeine are independent variables.
It is important to point out several limitations of the study. First, we recruited light or noncaffeine users (less than 300 mg per week self-reported caffeine use) in order to avoid subjects with tolerance or withdrawal. However, by limiting the subject pool to nonchronic users, we only examined those individuals who had self-selected to abstain from caffeine. Thus, they may not be representative of the general population. Goldstein et al (1969) found that heavy caffeine users, who consumed five to six cups of coffee a day, reported more 'positive' effects from caffeine (such as euphoria) whereas light users, who consumed one or less cups of coffee per day, reported more 'negative' effects such as anxiety. By limiting the subjects in our study to light users, we may have preferentially recruited negative responders to caffeine. This might have resulted in a lack of sensitivity to the positive mood effects of caffeine, such as 'liking' of drug effects. It would be of interest to study the same polymorphisms in a more general population of caffeine users, including moderate users. Second, we tested only a single dose of caffeine. The effects of caffeine are dose-dependent and caffeine typically produces more positive effects at lower doses and more adverse effects at higher doses (Griffiths and Woodson, 1988) . Even though the dose given in this study was equivalent to only 150 mg caffeine, it is possible that this dose was too high for these subjects, and limited the occurrence of positive responses to the drug. Third, the present study involved a relatively small number of subjects for a genotypic analysis, raising the possibility that the findings occurred by chance. Although human genetic studies typically involve hundreds, or even thousands, of subjects, it could be argued that fewer subjects may be needed in this type of study, involving response to a specific, pharmacologic challenge. In the present study, the phenotype was acute response to a drug Genetic variation in caffeine-induced anxiety K Alsene et al with a specific action on the adenosine receptor, in a relatively homogeneous population. As such, there may have been fewer sources of uncontrolled variability, or variability related to other factors. Nevertheless, the findings must be considered preliminary based on the relatively small sample size. In summary, this study provided evidence that genetic variations in the adenosine A 2a receptor gene are related to anxiety induced by caffeine in light caffeine users. Finding the genetic basis for variations in the quality or magnitude of responses to addictive drugs may help researchers understand why some individuals are vulnerable to, or protected from, drug addiction.
